We describe microfluidic technology for manipulating and monitoring continuous growth of populations of bacteria. A system consisting of ∼10 input and output channels controls >10 2 microdroplet chemostats and enables the manipulation of chemical factors in each microchemostat independently over time. This paper characterizes the dynamics of bacterial populations in microdroplet chemostats and cellular responses to a range of stable or changing antibiotic concentrations. This technology provides a platform for highly parallel, long-term studies of microbial ecology, physiology, evolution, and adaptation to chemical environments.
consumption of large quantities of reagents and significant operational challenges of traditional chemostats limit their use.
Single phase, microfluidic versions of chemostats minimize incubation volumes, [7] [8] [9] [10] and yet are limited by their complexity: the proportionality between the number of input/output controls and the number of chemostats hamper large scale parallelization Single-phase microfluidic systems are prone to biofilm formation, which makes them either single-use devices [9] or requiring additional steps to minimize cell adhesion. [8] Droplet microfluidics [11] offers a unique solution to creating many parallel chemostats. The earliest example of this technology in microbiology was first demonstrated by Joshua Lederberg nearly 60 years ago. [12] In the interim, the field of microfluidics solved many of the technical challenges associated with using this approach to study microbes. Compartmentalizing cells and nutrients in microdroplets of liquid can reduce the complexity and cost of operating many parallel chemostats. Recently, bacteria have been incubated in droplets in channels over short time intervals, [13] [14] [15] [16] [17] however sustained cell growth over hundreds of generations in a series of fully addressable microdroplets has not been possible.
Here, we describe an automated microdroplet system that transcends existing challenges and enables users to manipulate the chemical composition of droplets for long-term bacterial studies. The microfluidic system ( Fig. 1 ) performs three functions: 1) formation of microdroplets containing cells, reagents, and soluble growth factors; 2) cycling microdroplets for cell incubation and monitoring; and 3) splitting and fusing microdroplets to control the concentration of chemical factors over time.
After loading the reservoirs with liquid samples, we used a source of pressure and external valves to regulate the flow of oil (the carrier fluid), aqueous growth media, and a suspension of bacterial cells. We generated a sequence of microdroplets seeded with cells, nutrients, and reagents by coalescing smaller droplets of different solutions. [15] Real-time video feedback enables us to administer volumes with an accuracy of ∼0.3%.
We created a sequence of 164 microdroplet chemostats and cycled them back and forth in pressure driven flow controlled with two pairs of (in/out) valves at each end of the channel (Fig. 2) . The microchemostats periodically passed through an in-situ, waveguide spectrophotometer that measured the absorbance of light (λ=600 nm) passing through each droplet over a 5-mm optical path.
At user-defined intervals, the system exchanges a fraction of the volume of each microdroplet chemostat. First, a microdroplet was accurately divided into two preprogrammed volumes: a waste and a seed droplet (SI, Video S1, Fig. S3 and S4 ). The waste droplet was removed from the system and the seed droplet was fused (SI, Video S2) with a microdroplet containing fresh reagents. Using this approach, we controlled the concentration of cells and reagents in microdroplets over 10-100 hours (Video S3) and controlled the concentration of soluble factors with an accuracy of ∼0.8% (Fig. S3 and S4) . The transfer of a fraction of a growing bacterial population-with its characteristic genotype and phenotype-to new microdroplets containing fresh media and user-defined chemical compositions enabled us to perform experiments of long-term cell growth.
To check the dynamics of growth in microdroplet chemostats we prepared microdroplets (volume: 1.28 μL) containing a suspension of Escherichia coli cells (strain ATCC 25992) at a density of (1.09±0.13 × 10 7 cfu/mL) in LBK media buffered with 7.0 pH PIPES, which provides a maximal growth rate in anaerobic conditions. [18] A single droplet contained ∼14,000 cells (OD=0.025) at the beginning of cultivation. We cycled the droplets for 600 min and continuously monitored cell density. Growth in microdroplet chemostats (Fig. 3a) was similar to growth in bulk liquid culture, including initial exponential growth, log phase growth, and the stage of saturation. The number of cells N(t) in microdroplet chemostats followed Monod's model: [19] N(t) = N 0 e μ(C(t))t , where N 0 is the initial number of cells, The conditions in microdroplet chemostats are controlled using three parameters: 1) the chemical composition of the growth media; 2) the frequency of exchanging the culture media; and 3) the fraction of the microdroplet volume that is exchanged. To probe the role of parameters (2) and (3) we created a sequence of 1.28 μL droplets with a low cell concentration (1.09±0.13×10 7 cfu/mL) and iterated the steps of cycling and exchanging media. The concentration of cells followed Monod's model (Fig. 3a) . Initially, the concentration of cells increased with every iteration and reached a periodic trajectory after several iterations (Fig. 3b) . The shapes of the growth curves illustrate the approach to a stable cell density N SAT Fig. S7 shows that the density of bacterial communities in microdroplet chemostats follows a similar trend to those in traditional chemostats. An appropriate choice of f and ΔV/V enabled us to reduce changes in the optical density that occur duing the exchange of media to less than 10%, providing a close approximation of continuous exchange of media in a classical chemostat (Fig. S8 ).
Using numerical simulations of the Monod's model we confirmed that the dynamic stability of bacterial populations (i.e. of N SAT ) agrees with the small error (σ V < 1%) in exchanging the volume ΔV of the microchemostat (Fig. S9) . The precision of liquid handling creates exceptionally small variability in the density of bacterial populations: a control experiment conducted over 50 hours yielded variability in N SAT of ≤5% (Fig. S9) .
Parallel experiments of microbial population dynamics-including studies of predator/prey and syntrophic interactions-and the response and adaptation of bacteria to chemical and environmental stresses require that no cross-contamination occurs between microchemostats. Long-term control experiments monitoring the concentration of fluorescein in circulating droplets (Fig. S2 ) and with bacteria, in which we compared the growth rate and saturation density of cells in adjacent microdroplets that either contained LBK nutrient media or LBK admixed with chloramphenicol (10 μg/mL) suggested no crosscontamination (Fig. S10) . Low levels of cross-contamination may be expected, [20] however the physical dimensions of the microdroplets and the large separation between them in our system reduces the mass exchange between droplets to negligible levels. Other factors that can reduce cross-contamination include the use of small concentrations of surfactant and fluorinated oils as the continuous phase.
As an application of the system, we determined the parameters of the growth curves of E. coli as a function of the concentration of tetracycline. Parameters extracted from fits of the Monod's equation quantitatively determine the effect of the antibiotic on the growth rate (Fig. S11) .
Importantly, the system enables experiments to study the response and adaptation of microorganisms to changing chemical environments. We studied the response of E. coli cells to changes in concentration of chloramphenicol (C CHL ). We grew cells in microdroplets chemostats to a steady state in the absence of stress for 4 h (f = 3 h −1 , ΔV = 0.5), applied one of three different values of C CHL and monitored the dynamics of bacterial populations over 50 h (Fig. 4b-d) . The growth rate of bacteria decreased as chloramphenicol was added and continued to decrease for several generations of growth in the microdroplet chemostats. After a time interval that depended on C CHL , bacteria adapted and growth accelerated and returned to the initial rate. There are several possible explanations for the observed increase in growth rate, including changes in membrane properties, [6] drug efflux, or changes in the structure of the ribosome, [21] which is targeted by chloramphenicol.
We next studied the response of populations of E. coli to slowly increasing C CHL (Fig. S12) . We prepared 15 microchemostats consisting of three groups of 5 microdroplets that were treated with increasing C CHL at rates of 0.006, 0.01 or 0.015 μg·mL −1 ·h −1 . The maximum standard deviation in the absorbance between microdroplets in each group was 5.7% (for a rate of 0.006 μg·mL −1 ·h −1 ), 6.1% (0.01), and 7.1% (0.015) throughout the 45-hour experiment. Higher rates of chloramphenicol addition produced more variability in growth rates. This observation prompts the question about the relation between the diversity of mutations arising in the population and the level of stress to which it is subject. Another possible explanation is the time scale for growth of persister cells that survive antibiotic dosing. [7] We are currently studying the influence of the rate of antibiotic addition on genetic variation, which is beyond the scope of the present paper.
In summary, microdroplet chemostats enable long-term, highly parallel studies of cell growth in response to extracellular chemical stress. To the best of our knowledge, this system provides the first demonstration of a fully automated droplet microfluidic technology that offers scalability in the number of parallel microchemostats. The physical dimensions and the frequency of droplet formation and manipulation limit the system's scalability.
Previous studies have demonstrated the cultivation of microorganisms inside droplets, which can be advantageous due to several characteristics, including: 1) massive parallelization; [22] [23] [24] 2) stochastic confinement; [16] and 3) automation [14, 15] The longest cultivation times reported to-date has been several bacterial generations due to limited nutrient availability and the accumulation of secondary metabolites. The microchemostat system we report enables the long-term cultivation of bacteria by exchanging small volumes of liquids between microdroplets and performs parallel studies of the effect of fluctuating chemical environments on the adaptation and dynamics of microbial populations. A remaining technical challenge is to construct the system in a stiff, yet gas permeable polymer that supports aerobic metabolism and alleviates the requirement for buffering the growth media. The system can readily be expanded for an additional feedback control loop to adjust the parameters for media and reagent exchange of media (f, ΔV/V) in response to measured rates of growth. This capability will make it possible to perform long-term experiments on the trajectories of adaptation of microbial communities to chemical stresses. Chemostat studies have demonstrated the remarkably rapid adaptation of bacteria to environmental changes. [6] Our approach complements these experiments by introducing a method for the parallel study of hundreds of individual microchemostats. Importantly, the operational complexity of the system is low and users can rapidly adjust the phase of bacterial growth in experiments and the size and density of bacterial populations.
Importantly, the system that we presented here can be integrated with the capability for splitting large (ca. microliter) droplets containing populations of microorganisms into thousands of monodisperse small (picoliter) droplets [25] for further screening at the single cell level. [22] [23] [24] This could open new areas of study, including the distribution of fitness or gene expression in a population subject to changes of the chemical envioronement in which it grows.
These capabilities provide new opportunities for studying the genetic and phenotypic adaptation of bacteria and open a new window for studies of microbial evolution.
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